Single nucleotide polymorphisms (SNPs) in the genes for interleukin-4, -13 and interferon-gamma, and 21 additional SNPs which previously had been significantly associated with immune traits in the chicken, were genotyped in white and brown layer hens and analyzed for their association with helminth burden following natural infections. A nucleotide substitution located upstream of the promoter of the interferon-gamma gene was significantly associated with the log transformed number of Ascaridia galli in the brown layer line (genotype CC: 6.4 ± 1.0 worms; genotype CT: 11.7 ± 2.2 worms). Therefore, IFNG seems to be a promising candidate gene for further studies on helminth resistance in the chicken.
In the European Community, animal welfare issues and changes in consumer demands have resulted in a ban of conventional cages for laying hens from 2012 on (Council Directive 1999/74). This has resulted in an increased importance of floor husbandry systems and consequently in a renewed relevance of helminthoses [1] . The development of drug resistance in nematodes [2, 3] and restrictions for the use of anthelmintics in food producing animals are two important aspects urging scientists to find alternative strategies for the control of gastrointestinal infections in laying hens. Estimated heritabilities and breed or line differences for immunological characteristics were not only shown in mammals but also in poultry [4, 5] . Moreover, heritabilities estimated for parameters of susceptibility to helminthic infections, as mean worm or larvae counts [6] [7] [8] [9] [10] , suggest that it is possible to select for helminth resistance in poultry.
Although immunity in birds is not as well understood as in mammals, it has been shown that as in mammals [11] , helminth infection in chickens results in polarization towards a type 2 immune reaction, including augmented expression of interleukin-4 and interleukin-13 and diminished interferon-gamma expression [12] . In a single nucleotide polymorphism (SNP) study concerning innate and adaptive immune response across white and brown layer lines, 59 significant associations between immune traits and SNPs in immunological relevant genes were detected [13] ; however, variants of interleukin-4 (IL4), interleukin-13 (IL13) and interferon-gamma (IFNG) genes were not included.
The aim of the present study was to determine genotypes of SNPs in the IL4, IL13 and IFNG genes and of 21 additional SNPs significantly associated with immune traits in white and brown commercial layer lines and to analyze their association with worm numbers resulting from a natural helminth infection in order to identify gene regions as promising candidates for further studies on parasite resistance in chickens.
Whole blood samples, numbers of adult worms of Ascaridia galli, Heterakis gallinarum, Capillaria spp. and tapeworms of 197 Lohmann Brown (LB) and 246 Lohmann Selected Leghorn (LSL) hens and pedigree data (sires) were available from a recent study conducted by Kaufmann et al. [6] . Briefly, in their experiment LB and LSL hens were reared under helminth-free conditions and kept afterwards together in a free range system. At the end of the laying period, hens were slaughtered and worms were counted according to the World Association for the Advancement of Veterinary Parasitology (WAAVP) guidelines. Whereas LB hens showed a significantly (P < 0.05) higher mean number of adult H. gallinarum, Capillaria spp. and tapeworms compared to LSL animals, the latter had a tendency towards a higher number of adult A. galli worms. The estimated heritabilities for worm burdens of the different helminths and of the total worm burden ranged from 0.11 to 0.69 in LB and from 0.01 to 0.30 in LSL. Further details are given by Kaufmann et al. [6] . DNA was extracted from whole blood samples of these 443 hens using the Invisorb Blood Mini HTS 96 Kit (Invitek, Berlin, Germany). Quality and quantity of DNA were checked after extraction using a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, USA).
In a previous work, we sequenced the 5'-flanking and all coding regions of IFNG, IL4 and IL13 in 20 chickens, 10 each from the white and brown layer White Leghorn and New Hampshire breeds (unpublished). Among the identified SNPs, only those which were polymorphic in at least one of the breeds were selected for genotyping. Preferably, they were located in or near functional gene regions. Three of the selected SNPs had not been listed in the database of genetic variation [14] and therefore sequence information for those was sent to GenBank [GenBank:HQ888866-HQ888868]. Genotyping of two IFNG and three IL4 SNPs was done by PCR restrictionfragment-length-polymorphism (RFLP) analysis. For this purpose forward and reverse primers for IFNG (SNP in 5'-flanking region: 5'-tgaccccttaaccacatgatt-3' and 5'-tcttaaagcatggtcctggaa-3', 194 bp; SNP in exon 4: 5'-gcagttaagcctgagggatg-3' and 5'-cctcattcggtattttcaggtc-3', 462 bp) and for IL4 (SNPs in exon 1 and intron 1: 5'-acctcacggggagagaaagt-3' and 5'-tcgagctggctttcctctta-3', 554 bp; SNP in intron 3: 5'-tgctgttctaatccactcaagaa-3' and 5'-aaagctgctcccatcttttc-3', 725 bp) were used to amplify DNA fragments that were digested with appropriate restriction enzymes (Table 1) according to the manufacturers' (MBI Fermentas, St. Leon-Rot, Germany; New England Biolabs, Frankfurt, Germany) recommendations. The last nucleotide of the forward primer for the IFNG 5'-flanking region was a mismatch in order to enable RFLP analysis by an amplification created restriction site [15] .
SNP genotypes were discriminated after electrophoresis of the digested PCR products on agarose gels and ethidium bromide staining.
All other SNPs (n = 22) were genotyped with matrixassisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) by Eurofins Medigenomix GmbH, Martinsried, Germany, using the Sequenom Massarray iPLEX Gold System (Sequenom, San Diego, USA). Twenty-one SNPs were chosen from the study of Biscarini et al. [13] . All of these SNPs were significantly associated with at least one of the analyzed immune traits (production of natural antibodies against exo-and endoantigens and of acquired antibodies, activation of classical and alternative complement pathways) with a P-value < 0.01 [13] . Furthermore, a nucleotide substitution in intron 1 of IL13, already recorded in the db SNP database (rs15709642), was included in the MALDI-TOF MS multiplex assay.
For all genotyped SNPs, the rs number or a GenBank accession number, the chromosomal and gene location and the genotyping method used are given in Table 1 .
SNP allele frequencies were calculated from the genotypes obtained. The significance of differences between allele frequencies of the genotyped SNPs in the two lines were analyzed with a chi square test, or with a Fisher exact test if the smallest cell contained less than six cases. Worm numbers were log transformed [log(worm number + 10)] to get approximately normally distributed data, as done before by Kaufmann et al. [6] . Association studies were performed for each SNP -showing a minor allele frequency ≥ 5% per line -with each of the observed parasitological traits, using the following statistical model: y ij = μ + SNP i + e ij , where y ij represents the observation for the animal j, with SNP genotype i; μ is the overall mean of the trait; SNP i is the effect of the SNP genotype, either AA, AB or BB; and e ij is the random residual effect. Association analysis was done within each line for all SNPs and additionally across lines for SNPs whose allele frequencies were not significantly (P < 0.05) different between the two lines.
Allele frequencies of the 27 genotyped SNPs are shown in Figure 1 for each line. A total of 14 SNPs was monomorphic and 1 additional SNP had a minor allele frequency < 0.05 in LSL, whereas 3 SNPs were fixed and 3 showed a minor allele frequency < 0.05 in LB. SNP 26, located in the BLB1 region of the major histocompatibility complex (MHC), was fixed in both lines. SNP 12 showed a minor allele frequency < 0.05 in LB and was monomorphic in LSL. Therefore SNPs 12 and 26 were not included in association analyses in any of the two lines.
The SNPs in exon 1 and intron 1 of IL4 were genotyped by amplifying a single PCR product and digested with a single enzyme, enabling the demonstration of a total of 3 haplotypes (Figure 2 ). Only two of these haplotypes were identified in LB but all three in LSL (haplotype frequencies not shown).
Besides the fixed SNP 26, the allele frequencies of only two SNPs (7 and 21) were not significantly different between LB and LSL (Table 1) . Therefore only those two SNPs were also analyzed for association with worm numbers across lines and not only within lines.
P-values resulting from analysis of the association of SNP genotypes with worm numbers of A. galli, H. gallinarum, Capillaria spp., tapeworms and total worm burden are given in Table 2 . Three SNPs (1 and 21, located in the 5'-flanking region of IFNG and GMCSF, respectively, and SNP 4, an intronic nucleotide substitution in MAL) were significantly associated with one of the traits analyzed; whereas 7 SNPs showed a tendency towards significance for association with one or more of the traits (Table 2) . Although only SNPs with a minor allele frequency < 5% were tested for association with the different parasitological traits, for some of the SNPs studied, the statistical significance or tendency towards significance of an association was obviously connected with a genotype only present in a small portion of hens (< 10%). This was also the case for the significant associations of SNPs 4 and 21 with parasitological traits.
For SNP 1, showing significant association with the log transformed worm number of A. galli in LB, genotype CC was very frequent (83%), whereas genotype CT occurred in a lower frequency (17%). The average A. galli worm number was 6.4 ± 1.0 in LB hens with the genotype CC, whereas it was 11.7 ± 2.2 in hens with the genotype CT. As 10 of the 19 LB sires had only progeny with the CC genotype, the association analysis for SNP 1 regarding the number of A. galli in LB was repeated only with hens (n = 90) from the 9 other sires, resulting in a P-value of 0.011. number of chicken chromosome (Gallus gallus); 2 for PCR-RFLP, used restriction enzymes are given in parentheses; CXCL12, chemokine (C-X-C motif) ligand 12; ENTPD5, ectonucleoside triphosphate diphosphohydrolase 5; FLVCR2, feline leukemia virus subgroup C cellular receptor family, member 2; GMCSF, granulocytemacrophage colony-stimulating factor; HSPB1, heat shock 27kDa protein 1; HTR2C, 5-hydroxytryptamine (serotonin) receptor 2C; IFNG, interferon gamma; IL4, interleukin 4; IL13, interleukin 13; IL17F; interleukin 17F; IRF1, interferon regulatory factor 1; MAL, mal, T-cell differentiation protein; MHC (BLB1), major histocompatibility complex class II antigen B-F minor heavy chain; NUP54, nucleoporin 54kDa; SHROOM3, shroom family member 3; SPOPL, speckle-type POZ protein-like; SPTBN5, spectrin, beta, non-erythrocytic 5; TOLLIP, toll interacting protein.
Discussion
The higher number of monomorphic SNPs in the white layer line (52% of the SNPs analyzed) compared to the brown (11% of the SNPs analyzed) was in accordance with other studies [13, 16] and can be attributed to the smaller number of incorporated breeds in white lines [16, 17] . Nevertheless, we did not expect such a large difference since Biscarini et al. [13] reported only 6% more fixed loci in 5 white layer lines compared to 4 in the brown lines. The larger difference observed in the present study could be due to the smaller number of analyzed SNPs or a higher homozygosity of LSL and/or lower homozygosity of LB compared to the average of the white and brown layer lines analyzed by Biscarini [13] . Interestingly, the lower homozygosity in LB isexcluding the A. galli worm number-accompanied by higher heritabilities for worm numbers and at the same time significantly higher worm numbers, compared to LSL [6] . Among the SNPs which showed significant associations with parasitological traits, SNP 1 is the only one where this was not obviously linked to a very rare genotype. Genotypes CC and CT of SNP 1, a nucleotide substitution we previously identified in the IFNG 5'-flanking region of New Hampshire and White Leghorn, were significantly associated with the number of A. galli worms in LB. In sheep, where nematode resistance has been a breeding goal much longer than in poultry, IFNG variants and markers located in the same chromosomal region as IFNG have already been associated with nematode resistance [18] [19] [20] . However, any of these polymorphisms were considered to directly influence the investigated trait. The chicken IFNG SNP analyzed here is located outside and upstream of the gene promoter [21] . Together with the monomorphic status of this SNP in LSL hens, showing a variance in A. galli worm numbers as in LB, it is more likely that its association with the A. galli number in LB is due to a linkage with a causal SNP in IFNG than influencing the worm number itself. Repeating the association analyses with other hens and with additional neighboring SNPs will be necessary to confirm the genetic influence of IFNG on susceptibility to A. galli in chickens that is supposed here. However, additional IFNG SNPs will be mainly located in non-coding gene regions, since the chicken IFNG is known for its high degree of sequence conservation especially in coding regions [21, 22] . The existence of only weak linkage to a causal SNP may also be the reason that some SNPs only tended to be associated with one or more of the traits and in only one of the two lines. Therefore, additionally to SNPs in IFNG, some of them may be worth studying in further experiments, especially variants of IL13 as SNP 25 and other adjacent SNPs. Significant associations (P < 0.05) and associations with a tendency towards significance (P < 0.1) are bold typed.
